Alzheimer's disease. The study comprised three samples, from Cardiff and London in Britain and Belfast in Northern Ireland, with strikingly similar results.
Since then, this potential association has been examined in over 40 samples (4, 5) (table 1) from around the world. Several studies replicated the report of increased risk for I positives, just a few contradicted it, and many found no association with Alzheimer's disease. One study suggested an effect of age on the association (6) , and another proposed an influence of gender (7) . An association with onset age of Alzheimer's disease has also been proposed (8) .
The association has recently been studied in the longitudinal, observational cohorts of the Oxford Project to Investigate Memory and Ageing (OPTIMA) and the Rotterdam Study (9) . Both groups found a suggestion of a gender difference in their results, consistent with a previous report (7) . We therefore undertook a meta-analysis of studies of the association of the ACE indel with Alzheimer's disease, stratified by gender, by age, by ethnic group, and by apolipoprotein E e4 allele (APOE*4) carrier status, using mainly primary data, supplied by authors.
Although three previous meta-analyses of ACE studies had been reported (10) (11) (12) , subsequent studies have now made further data available. Compared even with the latest meta-analysis (12), 10 more samples from eight studies were available to us (9, (13) (14) (15) (16) (17) (18) , and the above study of the Oxford Project to Investigate Memory and Ageing). In addition, all previous meta-analyses were based on published data, that is, largely unstratified, and were thus limited in the interpretations they allowed. Using primary data, we were able to explore more deeply, searching for sources of heterogeneity. Two previous stratified meta-analyses of Alzheimer's disease genes (19, 20) , based on primary data, have both deepened our understanding.
Egger et al. (21) have stressed the need to examine sources of heterogeneity in meta-analyses of case-control Table continues studies. We therefore divided our analysis into two phases: first, a broad overall analysis and, second, the detailed examination of sources of heterogeneity. We aimed to discover whether the ACE indel is associated with Alzheimer's disease and, if so, the nature of that association.
MATERIALS AND METHODS

Phase 1: broad analysis
In April 2003, following PubMed searches, the study of references and of abstracts, and communication with experts, we wrote to the authors of all association studies of the ACE indel and Alzheimer's disease known to us, 33 studies in all, involving 41 samples (4, 5) (table 1), including seven samples from unpublished studies. The searches were updated in November 2004, without further data arising. For the stratified analyses, we used the raw data or stratified summaries received from authors on 26 samples. For the overall analyses, we also used published data, making 39 samples altogether (table 1) . Very early onset cases (<50 years) and young controls (<50 years) were excluded, where identifiable, as were subjects with incomplete data. Distinct populations were treated separately, where possible. The large number of controls in the cohort of Sleegers et al. (9) had all been fully assessed (22) . All samples had been genotyped for the ACE indel, except for the two of Prince et al. (23, 24) , who had used the ACE rs4343 marker, which is in 85-90 percent linkage disequilibrium with the indel in North Europeans.
Phase 2: examination of heterogeneity
We examined six possible sources of heterogeneity. We performed analyses stratified by age, gender, and APOE*4 status. For the age stratifications (<65 years, 65-75 years, and >75 years), we divided the samples into two groups, 
Data analysis and statistical methods
Three methods are commonly used to produce odds ratios in genetic association studies: method 1, allelic (i.e., D vs. I in this case); method 2, comparing each genotype with one other in turn (e.g., DD vs. DI); method 3, comparing each genotype in turn with the other two combined. All three methods are subject to bias, the degree of bias depending on how imperfectly the model fits reality. For instance, method 1 is best suited to testing a codominant model, where there is an allelic dose effect (e.g., DD > DI > II). Method 3, on the other hand, may be used to test either an I-dominant/D-recessive or a D-dominant/I-recessive model. We chose to follow the hypothesis-generating study (1) in using method 3, partly because preliminary examination of subsequent studies had shown no evidence of codominance. We also used both methods 2 and 3 to examine heterosis (heterozygotes at greater or lesser risk than either homozygote). Our main approach, method 3, gives an estimate of the risk associated with each genotype when compared with the rest of the population.
Pooled odds ratios were calculated three times, by the fixed-effects method of Mantel and Haenszel (29) , by the random-effects method of DerSimonian and Laird (30) , and by the Bayesian random-effects method of Warn et al. (31) . However, as the results of all three methods were very similar, only those of the first two are shown (table 2). The methods of meta-analysis permit the accumulation of results across independent studies, even where the number of subjects or the ratio of cases to controls varies considerably, as here in the cohort of Sleegers et al. (9) , for example. The heterogeneity test was by the method of Armitage (32) . Logistic regression analysis was used to compare odds ratios among ethnic groups. Funnel plots (33) and cumulative meta-analysis (34) were used to investigate bias. Analyses were performed using ''R'' (35) and the package ''rmeta'' by Thomas Lumley (http://www.cran.r-project.org/src/ contrib/Descriptions/rmeta.html). All tests of significance were two sided. A Bonferroni correction factor of 3 was applied to all p values by genotype.
RESULTS
Phase 1: broad analysis
Examination of bias. We found no evidence of publication bias. Funnel plots for the comparisons most commonly made, that is, for D homozygotes versus I positives (i.e., DI þ II) and for I homozygotes versus D positives, are shown in figure 1. These plots gave p ¼ 0.19 and p ¼ 0.21, respectively. Figure 2 shows the cumulative metaanalysis after each study from July 1998 to November 2004, for D homozygotes versus I positives, that is, the comparison made in the hypothesis-generating study of Kehoe et al. (1) . After only four of 39 cohorts had been studied, the odds ratio by DerSimonian and Laird (30) became significantly less than 1 and remained so thereafter. It changed very little from around 0.8 after 2001. z D represents the deletion allele; I represents the insertion allele. § Fixed-effects odds ratios were by the method of Mantel and Haenszel (29), random-effects odds ratios by that of DerSimonian and Laird (30) , and the heterogeneity test by that of Armitage (32) .
{ Not significant at 0.05.
Risk of Alzheimer's disease, by genotype. The odds ratios for each genotype versus the other two are shown in figures 3, 4, and 5 and are summarized in table 2. D homozygotes were at reduced risk of Alzheimer's disease, with an overall odds ratio of 0.81 (95 percent confidence interval: 0.72, 0.90; corrected p ¼ 0.0004) by the method of DerSimonian and Laird (30) . Heterozygotes were at increased risk of Alzheimer's disease, with an overall odds ratio of 1.12 (95 percent confidence interval: 1.04, 1.22; corrected p ¼ 0.006). The odds ratio of Alzheimer's disease for I homozygotes versus D positives did not differ significantly from 1. Two of these three results were heterogeneous.
Onset age of Alzheimer's disease. Onset age data were available from 13 samples, comprising 2,309 cases of Alzheimer's disease. Both stratified analyses and linear regression analysis were performed on these data and also on a subset of 10 North European samples, comprising 1,822 cases of Alzheimer's disease. No effect of ACE*I carrier status on onset age of Alzheimer's disease and, surprisingly, only a modest effect of APOE*4 carrier status on onset age were seen (data not shown).
Phase 2: examination of heterogeneity
We examined six potential sources of heterogeneity: age, gender, race, APOE*4 status, misdiagnosis, and mistyping.
Stratification by gender and by APOE*4 status. No significant effects were seen of gender or of APOE*4 status on the associations with Alzheimer's disease, nor did stratification by either of these two factors remove the heterogeneity (data not shown).
Stratification by age. We calculated the odds ratios of Alzheimer's disease for ACE*D homozygotes versus I positives when stratified by age (<65 years, 65-75 years, and >75 years). Rather little effect of age was seen on the association of D homozygotes with Alzheimer's disease (data not shown), nor was there any reduction in heterogeneity on stratification by age.
Examination of diagnosis. We repeated the overall analyses of the three genotypes, restricting the data to the 28 samples that could be limited to the more rigorous diagnoses of probable or definite Alzheimer's disease according to criteria of the Consortium to Establish a Registry for Alzheimer's Disease (25) or the National Institute of 
Examination of genotyping. There were 12 instances of Hardy-Weinberg disequilibrium in individual studies and four in the six groups of pooled cases and controls analyzed by race (table 3) . We therefore excluded the eight samples where mistyping was considered possible, that is, underreporting of heterozygotes, taking into account both genotyping methods and Hardy-Weinberg analysis. We then repeated the overall analyses with the remaining 31 samples. The odds ratios were similar to those in table 2, that is, significant odds ratios of 0.81 for D homozygotes and of 1.12 for heterozygotes and a nonsignificant odds ratio of 1.09 for I homozygotes. Heterogeneity remained for I homozygotes (p ¼ 0.02) but was no longer significant for D homozygotes (p ¼ 0.19).
Ethnic stratification. The samples were divided into three ethnic groups, where possible: North European (19 samples), South Caucasian (Mediterranean and Middle Eastern, 11 samples), and East Asian (Chinese and Japanese, four samples). This removed nearly all heterogeneity (table 3) . Table 3 shows clear differences among the three ethnic groups. There was no overlap whatsoever in allelic frequencies among the three groups. North Europeans and East Asians differed in the odds ratios for D homozygotes versus I positives (p ¼ 0.0008) and for I homozygotes versus D positives (p ¼ 0.0005). South Caucasians also differed from East Asians in the odds ratio for D homozygotes versus I positives (p ¼ 0.0003). D homozygotes were at reduced risk in all groups, but particularly in East Asians. Heterozygotes were at increased risk in North Europeans. I homozygotes were at higher risk in East Asians, except by Bayesian analysis. We further examined heterosis (heterozygotes at greater risk) in North Europeans, by comparing DI with DD and with II in turn. We found that heterozygotes were at higher risk than D homozygotes (odds ratio ¼ 1.25, 95 percent confidence interval: 1.08, 1.45) but not significantly higher than I homozygotes (odds ratio ¼ 1.08, 95 percent confidence interval: 0.95, 1.22).
DISCUSSION
This was a large meta-analysis, by the standards of Alzheimer's disease genetics, with 39 samples, comprising 6,037 cases of Alzheimer's disease and 12,099 elderly controls (table 1) . We found no evidence of publication bias. ACE*D homozygotes were at reduced risk of Alzheimer's disease (table 2) in each of the three main ethnic groups examined (table 3) . I homozygotes were neutral as regards Alzheimer's disease risk (table 2), except in East Asians, in whom I homozygotes may be at higher risk (table 3) . Heterozygotes were at increased risk of Alzheimer's disease overall (table 2) and mainly in North Europeans (table 3) . This example of heterosis will be discussed below. Very similar results were achieved by three methods: fixed effects, random effects, and Bayesian random effects (refer to Materials and Methods and table 2). Only genotypic comparisons were made (refer to Materials and Methods), which showed that there was no allelic dose effect, except in East Asians (table 3), and that thus allelic comparisons would have proved less informative.
These findings of odds ratios close to 1, even though significantly different from 1 (tables 2 and 3), suggest either linkage disequilibrium with the true risk factor or confounding by a hidden interaction or both. The second possibility is discussed below. Regarding the former, Kehoe et al. (1) in their study of ACE haplotypes gave evidence that the indel may not be the actual risk factor but rather in linkage disequilibrium with a nearby functional polymorphism that is the true risk factor. ACE haplotype analysis has also proved of value with other phenotypes, such as enzyme levels (36) , insulin levels, myocardial infarction, and obesity (37) . Future Alzheimer's disease studies may do better to examine polymorphisms in the regulatory regions, rather than the indel.
The overall results were consistent with those of Kehoe et al. (1) (12) also suggested an age difference, however, although actual ages were not available to them, only mean cohort ages, and they did not take into account the different ways of defining case ages (refer to Materials and Methods), a strongly confounding factor. Because of the latter problem, we cannot exclude the possibility that the association might be stronger in younger cases, for example, in those aged less than 65 years at onset or less than 75 years at death.
Heterogeneity
Our overall results showed heterogeneity (table 2) . Heterogeneity may be due to differences in sample selection (e.g., in age, gender, or diagnosis) or in methods (e.g., of genotyping), or it may be due to real differences in populations (e.g., in race) or in interactions with other risk factors (e.g., APOE*4). We examined all of these potential sources of heterogeneity. We found little effect of age, gender, or APOE*4 status, thus confounding our initial hypothesis. Both diagnostic and genotyping differences contributed some heterogeneity. The former was mainly due to the diagnosis of ''possible Alzheimer's disease,'' reported to have a poor record of confirmation at autopsy (38) . The latter was largely due to certain genotyping methods that may lead to underreporting of heterozygotes (27, 28) , as shown by Hardy-Weinberg analysis.
However, the greatest source of heterogeneity was ethnic differences. Ethnic stratification removed nearly all heterogeneity (table 3) . There were clear contrasts among the three ethnic groups examined (North Europeans, South Caucasians, and East Asians) in allelic frequencies and in odds ratios (table 3) . The latter might be due to differences in linkage disequilibrium with the true risk polymorphism (see above). Some of these ethnic differences had previously been pointed out by Panza et al. (17, 39) , by Buss et al. (40) , and by Elkins et al. (12) . These contrasts highlight the dangers of combining ethnic groups within a single cohort, even North and South Europeans, as indicated by Panza et al. (17, 39) . Unfortunately, there was only one cohort of African origin, from the United States (41). Thus, no conclusions could be drawn about Africans.
Heterosis
Deviations from Hardy-Weinberg equilibrium are common in studies of the ACE indel, as previously pointed out by Buss et al. (40) . This may be due to either mistyping or heterosis. Several cases of such disequilibrium were indeed compatible with mistyping. Most examples of disequilibrium in North Europeans, however, were of an excess of heterozygotes in Alzheimer's disease, which requires another explanation. We believe that explanation is heterosis. Heterosis occurs when heterozygotes show either a greater or lesser association with a given trait than does either group of homozygotes. In this case, in North Europeans, both an excess of heterozygotes in Alzheimer's disease and an association of heterozygotes with Alzheimer's disease were found. Comings and MacMurray (42) have suggested three explanations for heterosis, of which their second can be applied here. This proposes that heterosis may follow from the inadvertent combination of two unlike subsets due to a hidden interaction with another, unknown risk factor. To test this proposal, we constructed a mathematical model with two equal subsets based on a median split of an unknown factor X (table 4). The model illustrates how, although heterozygotes may have intermediate odds ratios in each subset, they can emerge with the highest odds ratio when the subsets are combined (i.e., heterosis). The overall results of this illustrative model (table 4) were very close to those of the present meta-analysis (table 2) . We should stress, however, that heterosis was found only in North Europeans. Moreover, although heterozygotes were at greater risk than D homozygotes (odds ratio ¼ 1.25, 95 percent confidence interval: 1.08, 1.45), they were not at significantly higher risk than I homozygotes (odds ratio ¼ 1.08, 95 percent confidence interval: 0.95, 1.22). Thus, partial heterosis better describes this case. 
A hidden interaction
Partial heterosis in North Europeans suggests an interaction with another risk factor for Alzheimer's disease, another potential source of heterogeneity. Candidates include cardiovascular risk factors, since many also contribute to Alzheimer's disease risk and since the ACE indel has been associated with cardiovascular risk (43) (44) (45) (46) (47) .
Biologic background
Full discussion of the biologic basis of these associations is outside the scope of this mainly analytical study. However, we note the associations of the ACE indel and of nearby polymorphisms with various phenotypes, including cardiovascular risk (37, (43) (44) (45) (46) (47) . In addition, ACE protein levels are raised in certain brain regions with Alzheimer's disease (48) (49) (50) , the enzyme has been reported to modify b-amyloid aggregation (51), ACE inhibitors have been reported to maintain memory in aged rats (52) and in human patients (53) , and brain-penetrating ACE inhibitors have been associated with both reduced incidence of Alzheimer's disease in elderly hypertensive patients (54) and less cognitive decline in cases with mild-to-moderate Alzheimer's disease (55) . Sleegers et al. (9) have recently provided evidence from magnetic resonance imaging of increased atrophy in both the hippocampus and amygdala of nondemented women homozygous for the ACE*I allele, together with a modest but significant increase in risk of Alzheimer's disease, independent of vascular factors. The D allele is associated with raised plasma levels of ACE (2) , but that association is thought to be due to linkage disequilibrium with other nearby polymorphisms (3, 36) . There is an * ACE, angiotensin I-converting enzyme gene. y Factor X is hypothesized to interact with the ACE insertiondeletion polymorphism in Alzheimer's disease risk; the two subsets (''low'' and ''high'') are based on a median split of values of factor X. The model was devised to give opposing results in each subset, while maintaining Hardy-Weinberg equilibrium, but to produce overall results similar to those of this meta-analysis.
z See table 2.
apparent conflict between the benefits of ACE inhibitor therapy and the associations of the indel with Alzheimer's disease risk and pathology and with plasma levels of ACE. However, the influence of ACE polymorphisms on brain levels of the enzyme is not yet known and cannot be assumed to reflect the levels in plasma. This subject warrants fuller discussion than is possible here. A more detailed discussion is given by Kehoe (56) , although it will need to be reconsidered and perhaps revised in the light of any interacting factor or factors that may emerge in future studies.
Limitations of this meta-analysis
The lack of information from some authors was a limitation, but we obtained full data on 84 percent of subjects. The quality of diagnosis and of genotyping varied among studies, but our overall results were not changed when these questions were taken into account. There was considerable heterogeneity in our initial results. However, we found the main sources of that heterogeneity and were able to remove it. Since cardiovascular factors are strong candidates for a potential interaction with ACE variants, the lack of data available to us on those factors was a limitation, which we hope will be overcome by future studies. Cardiovascular factors might also have influenced our results through selective mortality. However, D homozygotes have only a very slightly increased risk of cardiovascular complications (43) (44) (45) (46) (47) 57) and little evidence of any association with reduced life span (57) (58) (59) (60) (61) (62) . Thus, the influence of selective mortality, if any, is likely to be very small and not enough to provide an alternative explanation for our findings.
Conclusions
We suggest that this large study has established the ACE indel as a marker of Alzheimer's disease risk, since we found no evidence of bias, we found and removed the main sources of heterogeneity, we excluded various potential interactions, and significant results remained in each of the three ethnic groups examined. The indel, however, is probably in linkage disequilibrium with the true risk polymorphism (11) . There were marked contrasts among the three ethnic groups studied (table 3) . We also found evidence of an interaction with another risk factor in North Europeans. Potential interactions with other factors than age, gender, and APOE*4 status should be examined, particularly interactions with cardiovascular risk factors.
